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Outline

- Part 1:  General Principles
- Rates, backgrounds, signals, etc

- Part 2: Direct Detection Searches
- Liquid Nobles
- Cryogenic Detectors
- Other Novel Technologies
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Further Reading
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- Classic Papers on specific calculations

- Lewin, Smith, Astroparticle Physics 6 (1996) 87-112

- Kurylov and Kamionkowski, Physical Review D 69, 063503 (2004) 

- G. Jungman, M. Kamionkowski, K. Griest, Phys. Rep. 267 (1996) 
195-373,  arXiv:hep-ph/9506380

- Books/Special Editions that Overview the Topic of Dark Matter

- Bertone, Particle Dark Matter Observations, Models and Searches, 
Cambridge University Press, 2010.  ISBN 978-0-521-76368-4

- Physics of the Dark Universe, vol 1, issues 1-2, Nov. 2012 (http://
www.journals.elsevier.com/physics-of-the-dark-universe/)
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Properties of Dark Matter
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Approximately a quarter of our Universe is 
composed of non-baryonic, cold dark matter
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Evidence of Existence
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Motion of  Galaxies in Clusters Rotation Curves

Evidence of the existence of dark matter comes from it’s 
gravitational effects.

Gravitational Lensing

1933

1970
1979

Twin Quasars
0957+561 A&B
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Particle Nature
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blue = lensing
red = x-rays

Clowe et al., ApJ, 648, 109 

- Observations of the Bullet 
Cluster in the optical  and x-ray 
fields combined with 
gravitational lensing  provide 
compelling evidence that the 
dark matter is particles.

- Gravitational lensing tells us 
mass location
- No dark matter = lensing 

strongest near gas
- Dark matter = lensing 

strongest near stars 

2006
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Measurements from CMB + supernovae 
+ LSS indicate that ~ a quarter of our 
Universe is composed of dark matter.

Cosmic Pie
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What Could Dark Matter Be?

8

- Baryonic or Non-Baryonic?
- to avoid skewing 

formation of light 
elements in BBN 

- Warm or Cold? 
- ordinary !s can not 

make up LSS of universe
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Motivated Candidate
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WMAP  0.095 < Ωh
2

< 0.129

Weakly Interacting Massive Particles

Particles in thermal equilibrium

Decoupling when non-relativistic

Freeze out when annihilation rate 

! expansion rate

Relic abundance:

!" h
2
#$10

-27 
cm

3
s

-1 
%$&'

ann 
v$(

freeze out

if m and  ann determined by 

electroweak physics, then     ~  1

freeze 
out

annihilation
production

relic 
abundance

Ωχh
2
≈

3 × 10−27

< σχv >

σχ ≈ 10
−37

cm
2

Weakly Interacting 
Massive Particles

- New stable, massive particle produced 
thermally in early universe

- Weak-scale cross-section gives observed 
relic density
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Direct Detection Rates

10

WIMP
from galactic halo

Target Nucleus
in laboratory

v~220 km/s v~0 km/s

ER~30 keVr

θR

WIMP

Elastic collision

Assume that the dark matter is not only gravitationally interacting (WIMP).

- Elastic scatter of a WIMP off a nucleus
- Imparts a small amount of energy in a recoiling nucleus
- Can occur via spin-dependent or spin-independent channels
- Need to distinguish this event from the overwhelming number of 

background events
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December 2013 - Fermilab Academic Lectures - Jodi Cooley

Event Rate:  Simplified WIMP
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The differential event rate for simplified WIMP interaction is given 
by:

log
dR

dER

ER

dR

dER
=

R0

E0r
e�ER/E0r

event rate

recoil energy

total 
event rate

most probable 
incident energy

kinematic 
factor r =

4M�MN

(M� + MN)2

� �

0

dR

dER
dER = R0

If we integrate

and
< ER >=

Z 1

0

ER
dR

dER
dER = E0r
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Event Rate:  Calculation
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Let’s plug in some numbers and see what we get.

M" = MN = 100 GeV/c2

# = v/c ~ 0.73 x 10-3  

For a WIMP with velocity 220 km/s 

The resulting kinematic factor is 

r =
4M�MN

(M� + MN)2 =
4(100)(100)

(100 + 100)2
= 1

Recoil Energy is then given by

ER = E0r =
1

2
M��

2c2 =
1

2
(100

GeV

c2
)(0.73⇥ 10�3)2c2

ER = 27 keV
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Event Rate
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The differential event rate:
  [counts kg-1 day-1]        (dru = differential rate unit)

local WIMP density

nucleus mass WIMP mass 

WIMP-nucleon scattering
cross section

WIMP speed distribution
in detector frame

dR

dER
=

⇢0

mNm�

Z 1

vmin

vf(v)
d�

dER
(v, ER)dv

need input from 
astrophysics, 
particle physics and 
nuclear physics

Elastic scattering happens in the extreme non-relativistic case in the 
lab frame

whereER =

µ2
Nv2

(1� cos ✓⇤)

mN
reduced mass 

µ =
m�mN

m� + mN

vmin =

s
ERmN

2µ2

Minimum WIMP velocity 
which can cause a recoil of 
energy ER.
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WIMP-Nucleon Interaction
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Event rate is found by integrating over all recoil: 

R =

Z 1

ET

dER
⇢0

mNm�

Z 1

vmin

vf(v)
d�

dER
(v, ER)dv

Spin-dependent termSpin-independent term

d�

dER
=

mN

2µ2v2
[�SIF

2
SI(ER) + �SDF 2

SD(ER)]

To calculate $-N cross section, add coherently the 
spin and scalar components:

F(ER) = Form Factor 
encodes the dependence 
on the momentum transfer

The WIMP-nucleon cross section can be separated

d�

dER
= (

d�

dER
)SI + (

d�

dER
)SD

Spin-independent Spin-dependent

SI arise from scalar or 
vector couplings to quarks.

SD  arise from axial vector 
couplings to quarks.

vmin =

s
ERmN

2µ2

Minimum WIMP velocity 
which can cause a recoil of 
energy ER.
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WIMP-Nucleon Interaction

15

WIMP-nucleus cross sections:

Patrick Decowski - Nikhef/UvA

Preliminaries II

d�

dER
=

mT

2µ2v2
⇥
�SIF

2
SI(ER) + �SDF 2

SD(ER)
⇤

dR(t)

dER
= NT

⇢�
m�

Z vesc

vmin

d3v
d�

dER
vf(v, ve(t))

�SI =
4µ2

⇡
[Zfp + (A� Z)fn]

2 / A2

�SD =
32µ2

⇡
G2

F
J + 1

J
[aphSpi+ anhSni]2

WIMP-nucleus cross sections:

Better sensitivity
with high A 

Need nucleus with spin:
19F, 23Na, 73Ge, 127I, 129Xe, 131Xe, 133Cs (but no Ar!)

Need input from
Astrophysics

with scalar (SI) and axial-vector (SD) couplings:

Measure:

4

best sensitivity 
with high A

need a nucleus 
with spin!
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Standard Halo Model
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- Energy spectrum and rate depend on details of 
WIMP distribution in the dark matter halo.

⇢0 ⌘ ⇢(r = R0) = 0.3 GeV/cm3

f(~v) =
1p
2⇡�

exp(� |~v|2

2�2
)

- Speed Distribution - isotropic, Maxwellian

v0 = 220 km/s

where

� = �rms =

r
3

2
v0 = 270 km/s and

This corresponds to an isothermal sphere with density profile
⇢ / r�2

- Local Dark Matter Density

- Note Particles with speed greater than the local escape speed are not gravitationally bound. The standard 
halo extends out to infinite radii and thus the speed distribution in this model must be truncated “by hand”.  
We take vesc = 650 km/s.
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Event Rates
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- Elastic scattering of WIMP 
deposits small amounts of 
energy into a recoiling nucleus 
(~few 10s of keV)

- Featureless exponential 
spectrum with no obvious peak, 
knee, break ... 

- Event rate is very, very low.

- Radioactive background of most 
materials is higher than the 
event rate.

Total  Event Rate
 (m$ = 100 GeV/c2,  %$-n = 10-45 cm2) 

Enectali Figueroa-Feliciano / Fermilab Seminar / 2013

0 10 20 30 40
Ethresh @keVD
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Detection Principles
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- Various experimental methods exist for measuring such an energy 
deposition

- Scintillation in crystals/liquids

- Ionization in crystals/liquids

- Thermal/athermal heating in crystals

- Bubble formation in liquids/gels

- Easy in principle, hard in practice

- Significant uncertainties/unknowns in estimating DM event rates and 
energy spectrum

- Background rates overwhelm the most optimistic DM scattering rates.

- And did I forget to mention - neutrons look just like the DM in our 
detectors.
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Looking for a Small Needle in a Very Large Haystack
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Looking for a Small Needle in a Very Large Haystack
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Somewhere in the Midwest!
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General Detection Principles
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DSU 2012 - Buzios, Brazil                                                                                                                                        Jodi Cooley - SMU

General Detection Principles

12

< 5 interactions 
per ton per day

( " < 3.8 × 10−44 cm2 )

Introduction

Courtesy:  Scott Hertel

Wednesday, July 3, 13
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General Detection Principles
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Recoiling
electron or nucleus

Introduction
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General Detection Principles

23

Introduction
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Direct Detection Principles
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PHONONS

Recoil
Energy

LIGHT

IONIZATION

CDMS, Edelweiss
XENON, LUX,
DarkSide, ZEPLIN

DAMA/LIBRA, XMASS
DEAP/CLEAN, KIMS

CRESST

CoGeNT
COUPP, PICASSO
SuperHeated 
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Detection Principles
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Detector Physics to the Rescue

Density/Sparsity: 

Basis of Discrimination

Signal

χ

Background

Er

Nuclear 

Recoils

Dense Energy 

Deposition

v/c $10-3

Electron 

Recoils

Sparse Energy 

Deposition

v/c $ 0.3

Detector Physics to the Rescue

Density/Sparsity: 

Basis of Discrimination

Signal Background

Er

Nuclear 

Recoils

Dense Energy 

Deposition

v/c $10-3

γ

Electron 

Recoils

Sparse Energy 

Deposition

v/c $ 0.3
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Particle Identification
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- Scattering from an atomic nucleus leads to 
different physical effects than scattering from an 
electron in most materials.

- Sensitivity to this effect reduces background.
- Dark Matter is expected to interact with the 

nucleus and backgrounds interact with 
electrons*.

*CAVEAT:  Neutrons interact with the nucleus.
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Neutrons:  Unrejected Background

- Neutrons recoil off atomic nuclei, 
thus appearing as WIMPs

- Neutrons come from

- Environmental radioactivity

- Slow/low energy

- Can be addressed by 
shielding

- Spallation due to cosmic muons

- Fast/energetic = not shield-
able

- Must go deep underground 
to avoid

27
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Frejus
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Sudbury

Muon Flux

Neutron Flux

Neutrons : 

Unrejected background

• Neutrons recoil off of atomic 

nuclei, thus appearing as WIMPS

• Neutrons come from

• Environmental radioactivity

• Slow / low energy

• Can be addressed with 

shielding

• Spallation due to cosmic 

muons

• Fast / energetic = 

un-shieldable

• Must go deep underground 

to avoidTuesday, December 17, 13
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Minimize Backgrounds
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Introduction Rate modulation Bolometers Noble gases Others

Underground laboratories

Need at least 1000 m rock 
(~3000 mwe) overburden
to reduce muon rate by ~105

Site experiments underground.
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Minimize Backgrounds
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Active Muon Veto:  
rejects events from cosmic rays

SCDMS active muon veto

✤ Scintillating panels
✤ Water Shield 

LUX Water Tank - Inside View

LUX water shield
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Minimize Backgrounds

30

Polyethyene:  
moderate neutrons 
produced from fission decays 
and from (α,n) interactions 
resulting from U/Th decays

Pb: shielding from 
gammas resulting from 
radioactivity

Low Activity Lead Polyethylene

µ-metal (with copper inside)

Ancient lead

40 cm

22.5 cm

10 cm

SCDMS - Layers of Polyethylene and Lead

Use Passive Shielding
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Minimize Backgrounds
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XENON1T purification loop with large charcoal tower. 

222Rn Removal in Online Purification 

Rn can be removed by cryo-adsorption on charcoal 
Demonstrated in Borexino (for LN2) and GERDA (for LAr)

Xenon purification loop with large charcoal tower 

Optimization of purification efficiency by selection of 
charcoal with appropriate micro-pore structure

Mobile Radon Extraction unit 
(MoREx) @ MPIK to test 

efficiency of various charcoals 
for Rn removal  from Xe 

Friday, February 24, 2012

222Rn Removal in Online Purification 

Rn can be removed by cryo-adsorption on charcoal 
Demonstrated in Borexino (for LN2) and GERDA (for LAr)

Xenon purification loop with large charcoal tower 

Optimization of purification efficiency by selection of 
charcoal with appropriate micro-pore structure

Mobile Radon Extraction unit 
(MoREx) @ MPIK to test 

efficiency of various charcoals 
for Rn removal  from Xe 

Friday, February 24, 2012

mobile radon extraction unit @ MPIK

Krypton and Radon Mitigation
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Minimize Backgrounds
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http://radiopurity.org

Supported by AARM, LBNL, MAJORANA, SMU, SJTU & others

Use Clean Materials
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All Hope is Not Loss

!!

"

!

"

#0

The performance we  

need from our detectors

Backgrounds can’t be 

eliminated entirely
If Our Needle is VERY BIG!
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Signals

34

- As we have seen, the recoil rate is energy dependent due 
to the kinematics of elastic scattering and the WIMP speed 
distribution.

- In addition, the recoil rate is time- and direction- 
dependent due to the motion of Earth w.r.t. the galactic 
rest frame.

- Variations can happen in the 
- Energy spectrum
- Event rate
- Recoil direction
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Figure 1: The dependence of the spin independent differential event rate on the WIMP mass
and target. The solid and dashed lines are for Ge and Xe respectively and WIMP masses of
(from top to bottom at ER = 0keV) 50, 100 and 200 keV. The scattering cross-section on
the proton is taken to be σSI

p = 10−8 pb.

4.2 Time dependence

The Earth’s orbit about the Sun leads to a time dependence, specifically an annual modula-
tion, in the differential event rate [29; 49]. The Earth’s speed with respect to the Galactic
rest frame is largest in Summer when the component of the Earth’s orbital velocity in the
direction of solar motion is largest. Therefore the number of WIMPs with high (low) speeds
in the detector rest frame is largest (smallest) in Summer. Consequently the differential event
rate has an annual modulation, with a peak in Winter for small recoil energies and in Summer
for larger recoil energies [50]. The energy at which the annual modulation changes phase is
often referred to as the ‘crossing energy’.

Since the Earth’s orbital speed is significantly smaller than the Sun’s circular speed the
amplitude of the modulation is small and, to a first approximation, the differential event rate
can, for the standard halo model, be written approximately as a Taylor series:

dR

dER
≈

¯(

dR

dER

)

[1 +∆(ER) cosα(t)] , (27)

where α(t) = 2π(t − t0)/T , T = 1 year and t0 ∼ 150 days. In fig. 2 we plot the energy

dependence of the amplitude in terms of vmin (recall that vmin ∝ E1/2
R with the constant of

proportionality depending on the WIMP and target nuclei masses). The amplitude of the
modulation is of order 1-10 %.

The Earth’s rotation provides another potential time dependence in the form of a diur-
nal modulation as the Earth acts as a shield in front of the detector [51; 52], however the

10

Ge (red)
Xe (blue)

M$ = 50, 100, 200 GeV/c2

%$N = 10-44 cm2

Signals:  Energy Dependence

35

For the standard halo model, we can write the differential event rate as:

dR

dER
⇡ (

dR

dER
)0F

2(ER)exp(
�ER

Ec
)

event rate in 
limit E --> 0

Ec =
c12µ2

Nv2c
mN

parameter that 
depends on target

m� << mN ! Ec /
m2

�

mN

m� >> mN ! Ec / mN

Total recoil rate is proportional 
to WIMP number density

Characteristic energy scale given by:
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Signal Modulation

36

- Baryons travel together in 
roughly circular orbits with 
small velocity dispersion

- Dark matter particles travel 
individually with no circular 
dependence and large velocity 
dispersion

- As a result, the flux of WIMPs 
passing through Earth 
modulate over the course of a 
year as Earth rotates around 
the sun.

Baryons
orbit ‘together’
roughly circular orbits
small velocity dispersion

Halo DM
orbit ‘individually’
no circular preference
large velocity dispersion Vθ  (at out galactic radius)

220 km/s0 km/s

DM Stars

3.  Annual Modulation
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Annual Modulation

Earth 30 km/s (15 km/s in galactic plane)
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Signal Modulation:  Rate
Assume WIMP Isothermal Halo:

Annual Modulation

Earth 30 km/s (15 km/s in galactic plane)
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Since Earth’s orbital speed around the sun is significantly smaller than the 
Sun’s circular speed, the amplitude of the modulation is small and can be 
written as a Taylor Series.

~2% seasonal effect - 
need ~1000 events

ve = 30 km/s

dR

dER
⇡ (

¯dR

dER
)[1 +�(ER) cos↵(t)]

↵(t) = 2⇡(t� t0)/Twhere and T = 1 year, t0 = 150 days
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Signal Modulation:  Direction

38

- A detector at 45 degree latitude will see the dark matter wind 
oscillate in direction over the course of a day.

- This is a sidereal (tied to stars) effect, not diurnal (tied to sun).
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Direct Detection Searches
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Many Experiments

40

Phonon/Charge/Light:
CDMS/SuperCDMS
EDELWEISS
CRESST

Charge Only:
CoGeNT/C4
MALBEK
TEXONO
CDEX
CDMSlite

Modulation:
DAMA/LIBRA
DM-ICE
KIMS
ANAIS
SABRE
KamLAND-PICO

Bubble Chambers/
Superheated:

PICASSO
COUPP
PICO

Directional:
DRIFT
DM-TPC

Other:
DAMIC
NEXT

Liquid Noble:
XENON
LUX
Darkside
DEAP
CLEAN
XMASS
PandaX
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General Detection Principles

41

- Many direct detection experiments have excellent 
discrimination between electron recoils (ER) and nuclear 
recoils (NR) from the simultaneous measurement of two 
types of energy in an event.

- Most backgrounds will produce electron recoils.
- WIMPs and neutrons produce nuclear recoils.

- Need to keep neutrons away from the detectors.
- Despite the excellent discrimination capability of these 

detectors, we still want to keep the backgrounds as small as 
possible.
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Considerations Liquid Nobles

- In response to the passage of radiation we want an excellent 
scintillator and very good ionizer.

- High atomic number and high density to optimize detector 
size.

- We want to either have no intrinsic radioactive isotopes or 
isotopes that are easily removed.

- Boiling and melting point temperatures are considerations for 
detector handling.

- Abundance

42
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Properties of Xe, Ar and Ne

43

Particle Dark Matter, Cambridge University Press 2010, 
Bertone (editor)
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Liquid Noble Gases: Detection Mechanism

44
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Liquid Noble Gases: Detection Mechanism
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XENON: Detection Mechanism

ER Ionization

Excitation

Xe+

+Xe

Xe2+

+e-

Xe**+XeXe*

+Xe

Xe2*

2Xe 2Xetriplet singlet

h!h!

Excitation/Ionization depends on dE/dx!

# discrimination of signal (WIMPs # NR) 

and (most of the) background (gammas # ER)!

68

3.3 Scintillation properties

Scintillation light from liquid xenon represents another very useful signal

for particle detection in liquid xenon. The light can be used as a trigger.

Su�cient light detection with optimized detector geometry and readout will

give additional information and can be used for particle identification and

improvement of detector performance.

3.3.1 Scintillation mechanism in liquid xenon

The excitation states of rare gas atoms will return to the ground state by

emitting a photon, which gives scintillation light. The recombination of

electron-ion pair from the ionization process will also produce excitation

states, leading to scintillation photons. The two processes can be illustrated

as following for the case of scintillation in liquid xenon (Doke et al., 2002).

Xe⇥ + Xe � Xe⇥2 (3.1)

Xe⇥2 � 2Xe + h� (3.2)

Xe+ + Xe � Xe+
2 (3.3)

Xe+
2 + e� � Xe⇥⇥ + Xe (3.4)

Xe⇥⇥ � Xe⇥ + heat (3.5)

Xe⇥ + Xe � Xe⇥2 (3.6)

Xe⇥2 � 2Xe + h� (3.7)
Wavelength depends on gas 

(N: 85 nm, Ar: 128 nm, Xe: 175 nm)

Time constants depend on gas 

(Ne: few ns/15.4!s, Ar: 10ns/1.5!s, Xe: 3/27 ns)

Wavelength depends on gas:
N: 78 nm, Ar: 128 nm, Xe: 178 nm
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3.3 Scintillation properties

Scintillation light from liquid xenon represents another very useful signal

for particle detection in liquid xenon. The light can be used as a trigger.

Su�cient light detection with optimized detector geometry and readout will

give additional information and can be used for particle identification and

improvement of detector performance.

3.3.1 Scintillation mechanism in liquid xenon

The excitation states of rare gas atoms will return to the ground state by

emitting a photon, which gives scintillation light. The recombination of

electron-ion pair from the ionization process will also produce excitation

states, leading to scintillation photons. The two processes can be illustrated

as following for the case of scintillation in liquid xenon (Doke et al., 2002).

Xe⇥ + Xe � Xe⇥2 (3.1)

Xe⇥2 � 2Xe + h� (3.2)

Xe+ + Xe � Xe+
2 (3.3)

Xe+
2 + e� � Xe⇥⇥ + Xe (3.4)

Xe⇥⇥ � Xe⇥ + heat (3.5)

Xe⇥ + Xe � Xe⇥2 (3.6)

Xe⇥2 � 2Xe + h� (3.7)
Wavelength depends on gas 

(N: 85 nm, Ar: 128 nm, Xe: 175 nm)

Time constants depend on gas 

(Ne: few ns/15.4!s, Ar: 10ns/1.5!s, Xe: 3/27 ns)

Wavelength depends on gas:
N: 78 nm, Ar: 128 nm, Xe: 178 nm

EExcited Atoms*:

Excited Ions+:
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3.3 Scintillation properties

Scintillation light from liquid xenon represents another very useful signal

for particle detection in liquid xenon. The light can be used as a trigger.

Su�cient light detection with optimized detector geometry and readout will

give additional information and can be used for particle identification and

improvement of detector performance.

3.3.1 Scintillation mechanism in liquid xenon

The excitation states of rare gas atoms will return to the ground state by

emitting a photon, which gives scintillation light. The recombination of

electron-ion pair from the ionization process will also produce excitation

states, leading to scintillation photons. The two processes can be illustrated

as following for the case of scintillation in liquid xenon (Doke et al., 2002).

Xe⇥ + Xe � Xe⇥2 (3.1)

Xe⇥2 � 2Xe + h� (3.2)

Xe+ + Xe � Xe+
2 (3.3)
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2 + e� � Xe⇥⇥ + Xe (3.4)

Xe⇥⇥ � Xe⇥ + heat (3.5)

Xe⇥ + Xe � Xe⇥2 (3.6)
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XENON: Detection Mechanism

ER Ionization
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3.3 Scintillation properties

Scintillation light from liquid xenon represents another very useful signal

for particle detection in liquid xenon. The light can be used as a trigger.

Su�cient light detection with optimized detector geometry and readout will

give additional information and can be used for particle identification and

improvement of detector performance.

3.3.1 Scintillation mechanism in liquid xenon

The excitation states of rare gas atoms will return to the ground state by

emitting a photon, which gives scintillation light. The recombination of

electron-ion pair from the ionization process will also produce excitation

states, leading to scintillation photons. The two processes can be illustrated

as following for the case of scintillation in liquid xenon (Doke et al., 2002).

Xe⇥ + Xe � Xe⇥2 (3.1)

Xe⇥2 � 2Xe + h� (3.2)

Xe+ + Xe � Xe+
2 (3.3)

Xe+
2 + e� � Xe⇥⇥ + Xe (3.4)

Xe⇥⇥ � Xe⇥ + heat (3.5)

Xe⇥ + Xe � Xe⇥2 (3.6)

Xe⇥2 � 2Xe + h� (3.7)
Wavelength depends on gas 

(N: 85 nm, Ar: 128 nm, Xe: 175 nm)

Time constants depend on gas 

(Ne: few ns/15.4!s, Ar: 10ns/1.5!s, Xe: 3/27 ns)

Wavelength depends on gas:
N: 78 nm, Ar: 128 nm, Xe: 178 nm

Time constants depend on gas:
(Ne & Ar few ns/&s, Xe 4/22 ns
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Scintillation in Noble Liquids

Energy deposition in noble liquids 
produces short lived excited diatomic 
molecules in singlet and triplet states.Single Phase Liquid Noble Experiments

DEAP, MiniCLEAN, (XMASS)
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Pulse Shape Analysis
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Pulse Shape Analysis

Electronic recoil

Nuclear Recoil

Triplet state highly suppressed!

Singlet Triplet

He ~10ns 13 s

Ne <18.2 ns 14.9 μs

Ar 7 ns 1.60 μs

Xe 4.3 ns 22 ns

Pulse Shape Analysis

Electronic recoil

Nuclear Recoil

Triplet state highly suppressed!

Singlet Triplet

He ~10ns 13 s

Ne <18.2 ns 14.9 μs

Ar 7 ns 1.60 μs

Xe 4.3 ns 22 ns

Singlet Triplet

Ne < 18.2 ns 14.9 μs

Ar 7ns 1.6 μs

Xe 4.3 ns 22 ns

- Early singlet state and 
delayed triplet state.

- The triplet state is 
highly suppressed for 
nuclear recoils. (22Na calibration)

(AmBe calibration)
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Pulse Shape Analysis
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Pulse Shape Analysis

Electronic recoil

Nuclear Recoil

Triplet state highly suppressed!

Singlet Triplet

He ~10ns 13 s

Ne <18.2 ns 14.9 μs

Ar 7 ns 1.60 μs

Xe 4.3 ns 22 ns

Pulse Shape Analysis

Electronic recoil

Nuclear Recoil

Triplet state highly suppressed!

Singlet Triplet

He ~10ns 13 s

Ne <18.2 ns 14.9 μs

Ar 7 ns 1.60 μs

Xe 4.3 ns 22 ns

Singlet Triplet

Ne < 18.2 ns 14900 ns

Ar 7ns 1600 ns

Xe 4.3 ns 22 ns

- Early singlet state and 
delayed triplet state.

- The triplet state is 
highly suppressed for 
nuclear recoils. (22Na calibration)

(AmBe calibration)
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DEAP - Pulse Shape Discrimination
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Rejecting Electron-like Events 
in Argon

Discriminate with 
ratio of prompt to 

total light

Reject beta and 
gamma 

backgrounds with 
less than 10-8 

leakage

Number of photoelectrons
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FIG. 7: Fprompt versus energy distribution for neutrons and
γ rays from an Am-Be calibration source. The upper band
is from neutron-induced nuclear recoils in argon, the lower-
band is from background γ-ray interactions.
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FIG. 8: Fprompt distribution for 16.7 million tagged γ-ray
events from the 22Na calibration, and nuclear recoil events
from the Am-Be calibration, between 120 and 240 photoelec-
trons (approximately 43–86 keVee). No γ-ray events are seen
in the nuclear recoil region.

measured the triplet lifetime in DEAP-1 over the course
of the run to check that impurities did not build up in
the detector over time.

We use 22Na calibration data to measure the triplet
lifetime. For each calibration run, we find all events that
pass the data cleaning cuts and contain over 200 photo-
electrons. The raw traces for these events are aligned ac-
cording to the measured trigger positions and summed.
We then fit the following model to the average trace be-
tween 500 and 3000 ns from the trigger:

f(t) = A exp(−t/τ3) + B, (3)

where A is a normalization factor, τ3 is the triplet life-
time and B is a constant baseline term.

As a consistency check, we measured τ3 for photo-
electron bins of size 200 between 200 and 1600 photo-
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FIG. 9: Comparison of Zfit distribution for γ-rays from the
PSD data, and for high-Fprompt backgrounds during the run
(labeled Surface backgrounds). Also shown, for reference, is
the distribution of high-Fprompt background events with the
detector operating underground at SNOLAB.

Days since Aug. 19, 2007
0 10 20 30 40 50 60

 b
g.

 ra
te

 (m
H

z)
pr

om
pt

H
ig

h 
F

0

2

4

6

8

FIG. 10: High-Fprompt background event rate versus time.
The average background rate is 4.6 ± 0.2 mHz.

electrons and did not observe any systematic effect from
the signal size. There are systematic errors associated
with both the fit window and the linear baseline correc-
tion discussed in Section III C. We estimated the size of
the error associated with the fit window to be 40 ns by
changing the start and end times of the fit by 500 ns.
We performed the fit for both corrected and uncorrected
traces and estimated the size of the error associated with
the baseline to be 50 ns. We added the two estimated
systematic errors to determine a combined systematic
error of 60 ns.

The measured lifetimes over the course of the run
for traces without the baseline correction are shown in
Fig. 12, in which the error bars shown are statistical only.
We observe no significant increase in the impurity level
throughout the run, and we measure the long time con-
stant to be 1.46±0.06 (sys) µs, consistent with previous
measurements [5, 13, 14]. Further analysis of systematic

6

M.G. Boulay et al. arXiv:0904.2930

Important to reject intrinsic 39Ar background

- Discriminate with ratio of prompt light (Fprompt) to total light.

- Reject beta and gamma backgrounds with less than 10-8 leakage.
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March 13, 2012 0:16 WSPC - Proceedings Trim Size: 9in x 6in Saab˙Direct˙Detection

1 6

the linear dimensions of the liquid container leads to a cubic increase
in the detector mass of the detector material.

Noble liquid experiments share the same underlying detection mecha-
nism. An interaction in the liquid results in the ionization and excitation of
the target atoms. The process through which the excited atoms go through
as they decay to the ground state involves the formation of excimer states
which can occur in either of a singlet or triplet state, each of which has a dif-
ferent decay time: 7 ns/15.4µs for Ne, 7 ns/1.5 µs for Ar, 3/27 ns for Xe. The
fraction of singlet to triplet excimers created is di↵erent for electron and
nuclear-recoils, for example, in liquid Argon 70% of the excimers created
by a nuclear-recoil are singlets, whereas the ratio is ⇠30% for electron-
recoils.36,37 The resulting pulse shape from a photomultiplier tube exhibits
a time structure which is dependent of the nature of the recoil. Figure 10
shows the di↵erence in pulse rise-time for an electron- and nuclear-recoil
event in liquid Argon.

(a) (b)

F i g . 1 0 . L e a d i n g e d g e o f t h e p h o t o m u l t i p l i e r p u l s e f o r a n e l e c t r o n - r e c o i l ( a ) a n d a

n u c l e a r - r e c o i l ( b ) e v e n t i n l i q u i d A r g o n s h o w i n g t h e d i ↵ e r i n g f a s t a n d s l o w p u l s e c o m -
p o n e n t s . F i g u r e r e p r o d u c e d f r o m R e f . 38

The DEAP/CLEAN collaboration (Dark matter Experiment using Ar-
gon Pulse shape discrimination / Cryogenic Low Energy Astrophysics with
Noble liquids) is building a liquid argon single-phase detector called mini-
CLEAN.39 This design is based on a spherical vessel filled with argon with
all 4⇡ steradians instrumented with photomultiplier tubes. The photon hit
pattern on the photomultiplier tubes permits the reconstruction of an in-
teraction’s position within the detector, and pulse shape discrimination is
used to reject electron recoil backgrounds. The miniCLEAN experiment in-
strument 500 kg or target material with 91 photomultiplier tubes allowing

arXiv:0904.2930v1NR

ER

- Discrimination between background and signal 
comes from pulse shape.

- Excited atoms decay to ground state through 
formation of single or triplet excimer states which 
have different decay times.

- 70% of excimer states 
created  by nuclear recoils 
are singlets

- 30% of excimer states 
created by electron recoils 
are triplets

Tuesday, December 17, 13



December 2013 - Fermilab Academic Lectures - Jodi Cooley

DEAP/CLEAN Program

50

The DEAP and CLEAN Family of 
Detectors

DEAP-0:
Initial R&D detector

DEAP-1:
7 kg LAr
2 warm PMTs
At SNOLab since 2008

picoCLEAN:
Initial R&D detector

microCLEAN:
4 kg LAr or LNe
2 cold PMTs
surface tests at Yale

MiniCLEAN:
500 kg LAr or LNe (150 kg fiducial mass)
92 cold PMTs
SNOLAB 2013DEAP-3600:

3600 kg LAr (1000 kg fiducial mass)
266 warm PMTs
SNOLAB 2014

40-140 tonne LNe/LAr Detector:
pp-solar ν, supernova ν, dark matter <10-46 cm2

~2018?

10-44 cm2

10-45 cm2

10-46 cm2

WIMP σ 
Sensitivity
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- Single phase LXe detector located in 
the Kamioka Underground 
Observatory, Japan.  Construction 
finished in late 2010.

- Water tank acts as an active muon 
veto.

- Key concept to background 
discrimination is “self-shielding”.  
Gamma particles are absorbed in the 
outer region of the liquid xenon.

- WIMPs and neutrons are evenly 
distributed thoughout volume.

- Recent science run revealed 
unexpected alpha background from 
materials used to support PMTs.

• passive ambient J and n shielding

20 inch PMTs

W
a

t
e

r
 t

a
n

k
s

LXe sphere

Simulation: J into LXe

J. Liu TAUP 2011
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Two Phase Experiments
CRESST, EDELWEISS, SuperCDMS,
 DarkSide, LUX, PandaX, XENON,

and others.
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Sensors

Sensors

Phonons
Charge Carriers
Photons

Relative fractions
depend on dE/dx

Introduction
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Introduction

Image S. Hertel

CRESST, 
DarkSide, 
Edelweiss, LUX, 
SuperCDMS, 
XENON, etc.

Patrick Decowski - Nikhef/UvA

Particle-dependent Response

χ, n

β,ɣ 

Image E.Pantic

CDMS, CRESST, DarkSide, 
LUX, XENON etc. 
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Patrick Decowski - Nikhef/UvA

Particle-dependent Response

χ, n

β,ɣ 

Image E.Pantic

CDMS, CRESST, DarkSide, 
LUX, XENON etc. 
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Dual Phase Time Projection Chambers 

- Interactions in the liquid produce excitation and 
ionization.

- Excitation leads to scintillation light emission

- Ionization electrons are drifted with an applied 
electric field into the gas phase (S1).

- In the gas phase, electrons are further accelerated 
producing proportional scintillation (S2).

- PMTs on the bottom and top of the chamber 
record scintillation signals.

- Distribution of S2 give xy coordinates, drift time 
gives z coordinates

- Ratio of S2/S1 discriminates electron and nuclear 
recoils

55

Principle

E
ionization

excitation

Xe++ e−

+Xe

Xe
+
2

+e−

Xe∗∗+XeXe∗

+Xe

Xe∗2

2Xe

178 nm
singlet (3 ns)

2Xe

178 nm
triplet (27 ns)

! Bottom PMT array below cathode, fully immersed in LXe
to efficiently detect scintillation signal (S1).

! Top PMTs in GXe to detect the proportional signal (S2).

! Distribution of the S2 signal on top PMTs gives xy

coordinates while drift time measurement provides z

coordinate of the event.

! Ratio of ionization and scintillation (S2/S1) allows dis-
crimination between electron and nuclear recoils.

Guillaume Plante - XENON - DM2010 - February 26, 2010
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! Bottom PMT array below cathode, fully immersed in LXe
to efficiently detect scintillation signal (S1).

! Top PMTs in GXe to detect the proportional signal (S2).

! Distribution of the S2 signal on top PMTs gives xy

coordinates while drift time measurement provides z

coordinate of the event.

! Ratio of ionization and scintillation (S2/S1) allows dis-
crimination between electron and nuclear recoils.

Guillaume Plante - XENON - DM2010 - February 26, 2010

(XENON, LUX, DarkSide, PandaX and others)
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